Thymine (2-oxy-4-oxy-5 methyl pyrimidine) is one of the four nucleobases of deoxyribonucleic acid (DNA). In the DNA molecule, thymine binds to adenine via two hydrogen bonds, thus stabilizing the nucleic acid structure and is involved in pairing and replication. Here, we show that synthetic thymine microcrystals grown from the solution exhibit local piezoelectricity and apparent ferroelectricity, as evidenced by nanoscale electromechanical measurements via Piezoresponse Force Microscopy. Our experimental results demonstrate significant electromechanical activity and polarization switchability of thymine, thus opening a pathway for piezoelectric and ferroelectricbased applications of thymine and, perhaps, of other DNA nucleobase materials. The results are supported by molecular modeling of polarization switching under an external electric field. V C 2015 AIP Publishing LLC. [http://dx
INTRODUCTION
Thymine (C 5 H 6 N 2 O 2 , 2-oxy-4-oxy-5 methyl pyrimidine) is one of the four bases of deoxyribonucleic acid (DNA), which plays a fundamental role in the storage and transfer of genetic information. Thymine, along with adenine, guanine, and cytosine are the building blocks of DNA, and understanding their structure at the molecular level allows for better apprehension of their function and generic features. For example, a common mutation of DNA involves two adjacent thymines or cytosines, which, when illuminated with the UV light, may form pyrimidine dimers causing "kinks" in the DNA molecular structure that inhibit normal replication. 1 This kind of mutation can cause a life-threatening melanoma with evolutionary implications and prebiotic importance for molecular complexation. Furthermore, much effort has been spent on studying hydrogen bonding in intermolecular interactions in nucleobases because hydrogen bonds between DNA molecules play a decisive role in the stabilization and thus transfer of biological information. [2] [3] [4] Moreover, DNA is more stable than RNA (ribonucleic acid), and thymine is in DNA not RNA, so it can be said that thymine is involved in the longer information storage ability in DNA.
In the past, the research on nucleobase materials has been mostly focused on the study of nucleobase molecules, while the study of synthetic crystals (including thymine) has received much less attention. [5] [6] [7] These studies can be helpful not only for understanding the role of hydrogen bonds in the formation of self-assembled or organized structures, but also for the practical applications in microelectronics and micromechanics. [8] [9] [10] [11] [12] [13] [14] For example, the unique electronic properties of deoxyribonucleic acid have allowed DNA to be used as an electron blocking layer in organic light-emitting devices (OLED) and organic photovoltaic cells and as gates in thin-film transistors. 15 Extensive debates regarding charge transport in DNA, which is basically due to the overlap of delocalized p states, are ongoing. 16, 17 From the electronic point of view, thymine is a wide band-gap semiconductor, with the forbidden band gap of about 4 eV, and its electronic structure at the surface can be modified by using a specific metal to form a contact barrier. 18, 19 Another aspect of the thymine molecule is its large intrinsic dipole moment (about 4 Debyes) 20 that may give rise to useful electromechanical effects (such as piezoelectricity) due to electric field-induced conformation in a material. As such, possible piezoelectricity in thymine can be a base of future miniaturized biosensors intrinsically compatible with the DNA molecule 21 or be a part of complex micro-and nanomechanical systems useful, for example, for DNA sequencing. 22 In recent years, the use of highly sensitive Piezoresponse Force Microscopy (PFM) enabled nanoscale electromechanical a)
Author to whom correspondence should be addressed. hydroxyapatite, 28 and other polar materials including a large number of ferroelectric perovskites. 29, 30 In this work, we report on sufficiently strong piezoelectricity and switchable polarization in thymine microcrystals grown from the solution. This observation may open up various possibilities of using crystalline thymine in microelectromechanical systems, in nanobiotechnology and as switching elements in microelectronic applications.
EXPERIMENTAL METHODS

Sample preparation
Thymine (Sigma-Aldrich CAS 65-71-4) crystals were grown by slow evaporation of water solutions with different thymine concentrations (0.1-1.0 mg ml À1 ) in ultra pure deionized water. Approximately 0.5 ml of the aqueous solution was dropped onto a Pt coated SiO 2 /(100)Si substrate and left for crystallization at room temperature under ambient conditions.
X-ray diffraction
The powder X-ray diffraction (XRD) patterns of thymine microcrystals were collected at room temperature in a continuous scanning mode (step 0.02 and time 10 s) on a Siemens D500 diffractometer with a secondary monochromator CuKa X-radiation in the range 2h ¼ 5 -60 .
Electromechanical and ferroelectric characterization
Thymine microcrystals were simultaneously visualized by using contact mode AFM and PFM methods. The PFM technique is based on the detection of the mechanical response of the sample to an applied electric voltage due to converse piezoelectric effect. A conductive Si cantilever (Nanosensors, nominal force constant 15 N/m) was used to both apply the voltage to the surface and to measure the mechanical response of the sample. In our study, a commercial AFM (Ntegra Prima, NT-MDT) was equipped with an external lock-in amplifier (SR-830, Stanford Research) and a function generator (FG-120, Yokogawa), which were used in order to apply both ac and dc voltages to the surface of the crystals for poling and piezoresponse image acquisition. 27 The voltage applied to the tip is a sine wave (U ac sin(xt)). Under this voltage the piezoresponse signal Dz(x) ¼ d 33eff V ac (x) is detected by the photodiode due to sample deformation. The amplitude A(-) and phase difference U(-) of this vibration are measured with a lock-in amplifier. Domains with different polarization orientations obtained by PFM are distinguished by piezoresponse amplitude A(-) $ Dz(V ac ) dependent on the value and orientation of polarization and by phase U(-) which is about 0 and 180 for domains with opposite polarization orientation. In this way, mapping of A(-) cos(U(-)) allows to get full information on the local polarization distribution.
To prove the presence of ferroelectric polarization, we performed PFM switching analysis to obtain local piezoresponse hysteresis loops in which the polarization state is changed by the application of a sequence of poling pulses. 31 In the poling experiments, the tip was fixed at a predefined position on the surface and external bias pulse was applied. After poling, this area was scanned again and the polarization was probed using PFM imaging.
Molecular modeling
To gain insight into the molecular-scale ferroelectric switching of thymine and to calculate the values of spontaneous polarization and corresponding piezoelectric moduli, molecular modeling using HyperChem 8.0 software was performed, similar to Refs. 32-36. The quantum-chemical PM3 method with both restricted (RHF) and unrestricted HartreeFock (UHF) approximations was used. Crystal structure was explored by local density approximation (LDA) of density functional theory (DFT) with first-principle calculations on the base of AIMPRO code. 32, 33, 35 The basis set for each of the used atoms was taken from the AIMPRO library. 32 We used single point (SP) calculations as well geometrical optimization (total energy optimization). Using constructed unit cell from previous AIMPRO calculations, we transform all coordinates to Cartesian ones by standard OpenBabel program and then work with molecular model of thymine structures using HyperChem 8.0 program. 35 External electric field was introduced using a special option in HyperChem, which allowed us to simulate the polarization switching in both SP and optimization regimes. Such an approach gave us a possibility to control the displacements of all atoms to new equilibrium positions and corresponding dipole moment and polarization. The data in Table II were obtained as a difference between the zero field and in-field positions of the atoms. As for the electrostriction coefficient, it was derived by calculating the volume change of the elementary cell under applied electric field.
RESULTS AND DISCUSSION
The obtained XRD patterns (shown in Fig. 1 ) substantiate the presence of both thymine anhydrate and thymine monohydrate phases in the as-grown microcrystals. The positions of the thymine anhydrate peaks were found to be in a close agreement with the data available from the Joint Committee on Powder Diffraction Standards (JCPDS) file (No. 00-039-1576). The fitting of XRD peaks confirmed that the thymine anhydrate crystal structure is compatible with a monoclinic group with the following unit cell parameters: a ¼ 12.700 Å , b ¼ 6.816 Å , c ¼ 6.725 Å , and b ¼ 105. 23 . However, some minor peaks were found in the XRD patterns that were attributed to the presence of thymine monohydrate phase ( Fig.  1(a) ). As expected, the volume fraction of thymine monohydrate significantly increased with decreasing thymine concentration in the solution (see the XRD results for 0.1 mgÁml À1 concentration in Fig. 1(b) and comparison of 1.0 and 0.1 mgÁml À1 concentrations in the inset). Intensities of XRD peaks are not in agreement with the JCPDS data. We explain the reduced number of peaks on XRD by the texture effect of microcrystals due to their orientations on the substrates. h00 is a predominant peak for thymine anhydrate and 0k0 is for thymine monohydrate. As it is known from the literature, the space group for both thymine anhydrate and monohydrate crystals 37, 38 is centrosymmetric (P2 1 /c) in which piezoelectricity is not permitted. Therefore, no piezoelectric activity was found in large thymine anhydrate crystals by PFM measurements. However, large dipole moment of the thymine molecule 20 may readily induce polar distortions in the grown microcrystals. The lattice parameter b for thymine monohydrate for our microcrystals was found to be 28.150 Å ( Fig. 1(b) ), i.e., different from the parameter b reported for thymine powder 38 (27.862 Å ). We hypothesize that significant structural distortions due to the presence of water in the crystal lattice might be an indication of the potential polar behavior [39] [40] [41] as will be experimentally delineated below. After structural and microstructural characterization, PFM experiments have been performed by scanning conducting tip over the surface of thymine microcrystals in a contact mode. Topography ( Fig. 2 Fig. 2(b) ), the contrast is roughly proportional to the effective d 33 (longitudinal) coefficient which is determined by the projection of the polarization vector P on the normal N to the crystal surface. 23, 42 Since the crystallographic axes were not exactly known, we used common notation for the piezoelectric coefficient where the axis 3 is normal to the major face of the crystal. The observed dark and bright contrasts correspond to the polarization head directed to the thymine crystal surface and to the polarization directed towards the substrate, respectively. This polarization component apparently varies in both sign (polarization direction) and magnitude (amplitude of the effective piezoresponse) depending on the crystallographic orientation of domains or microcrystallites within the polycrystal. According to the linearized electrostriction equation, for a ferroelectric material with centrosymmetric paraelectric phase the longitudinal piezoelectric coefficient can be simply expressed as d 33 ¼ 2Qe o e 33 P 3 , where Q is the longitudinal electrostriction coefficient, e o is the permittivity of vacuum, and e 3 and P 3 are the dielectric permittivity and spontaneous polarization values, respectively. Therefore, the observed piezoelectric contrast must be related to the variations of spontaneous polarization P (that can be switched by the external electric field if the material is ferroelectric) and dielectric permittivity, e. The presence of a notable piezoresponse contrast in thymine microcrystals thus proves the existence of spontaneous polarization without any dc bias field in apparent contradiction with early XRD data for pure anhydrate and monohydrate thymine phases. 37, 38 Such a behavior (piezoelectricity in a nominally centrosymmetric material) has been previously demonstrated by PFM in SrTiO 3 ceramics 43 and at the interfaces. 44 OOP and IP PFM images (cf. Figs. 2(b) and 2(c)) are complementary, the latter reflecting an effective d 15 (or d 24 ) shear piezoelectric coefficient, which is proportional to the corresponding in-plane component of the polarization. 45 In general, when the polarization is parallel to the sample surface and perpendicular to the longitudinal axis of the cantilever, the voltage applied to the tip causes an in-plane surface displacement (see inset to Fig. 2(c) ). This deformation is then translated via friction into the torsion of the cantilever and is detected by photodetector. A comparison of the topography and PFM images (Fig. 2) attests that the corresponding PFM contrast is independent on the topography, thus providing an evidence of the piezoelectric nature of the signal that often contains an electrostatic (Maxwell force) interaction between the tip and the surface. Apparently, the observed signal does not couple with the topographic features on the crystal surface, e.g., many microcrystals with flat surfaces have a complex domain structure with alternating polarization vectors. This demonstrates that the measured signal is not due to topographic cross-talk, but rather arises from the internal crystal structure (different orientations of polarization vectors in different areas). Another proof is the presence of an IP signal (no electrostatic interaction in this case!) complementary to the OOP contrast. In general, OOP and IP images reflect two different piezoelectric components of piezoresponse signals: vertical (d 33 ) eff and lateral (d 15 ) eff . 45 The appearance of such structure unequivocally attests the measured PFM contrast to piezoelectricity as in common piezoelectric materials. 46 In order to further prove the piezoelectric nature of the signal, we measured the ac voltage dependences of deformation of the sample. The absolute values were obtained by calibrating the surface displacements with the reference sample having similar dielectric properties. 26 Thus obtained value for the longitudinal piezocoefficient for the thymine microcrystal (Fig. 3 ) is 4.8 pm/V. The absolute value of local piezocoefficient (d 33 ) eff was sufficiently high, varying between 3 and 10 pm/V depending on the location. These values are comparable to those of widely used piezoelectric materials ZnO 47 and AlN 48 and thus can be useful for microelectromechanical applications. Figure 4 (a) demonstrates that the surface of the crystals consists of areas with uniform contrast (polarization domains) separated by domain boundaries. Directions of these boundaries might fit with the intersections of allowed domain walls with the crystal surface. 49 From both topography and PFM images (Figs. 4(a) and 4(b) ), we could easily distinguish different contrast colors from the background, corresponding to polarization domains in the investigated thymine crystals. It is well known that ferroelectric domains can intersect the surface in well-defined crystallographic orientations, such as 180 domains with the domain boundary along the polar axis. 49 We recorded PFM images of the samples in order to determine the orientation of the domain structures. The images were taken at different positions of the sample. The head-to-head boundary for the domains with polarization parallel to the major crystal axis (DB1, Fig.  4(a) ) was clearly observed. The existence of such boundaries involves large polarization discontinuity with the bound charge compensated either by conductivity, or (partly) by zig-zag domain wall geometry. 50 In contrast, a 180 domain boundary (DB2) often appears separating domains with antiparallel polarization directions (Fig. 4(b) ).
When the polarization is parallel to the sample surface, the voltage applied to the tip results in an in-plane piezoelectric displacement only. Electrostatic effect (Maxwell stress) is not present and other artifacts (e.g., due to wrong alignment) can be eliminated by the physical rotation of sample. If the sample is rotated by 90 and 180 with the rotation axis normal to the surface, it does not change the topography and vertical signal, however, it changes the IP piezoresponse by reversing its contrast. 26 In order to confirm the piezoelectric nature of the samples, we measured IP contrasts for three different orientations of the sample (Fig. 5) . Two different IP images with sample rotation at 90 around the normal to the surface provide two components (d 15 At higher magnification (Fig. 6) , we observed that the micron-sized domains on the surface actually consist of smaller irregular domains with the dimensions down to 1 lm. Generally, for an arbitrary polarization direction, the piezoelectric effect will result in both vertical and torsional displacements, thus allowing for the deconvolution of the static polarization direction, reconstruction of the domain patterns ( Fig. 6(c) ), and orientation of the molecular structure along the crystal as demonstrated in areas N, K, and L ( Fig. 6(f) ). The small size of the thymine molecule and its high dipole moment suggest the possibility of local ferroelectric behavior caused by the so-called "frozen" ordering. 51 The most important characteristic of a ferroelectric is polarization reversal (or switching) by an applied dc electric field. As it is well known, the natural state of a ferroelectric material is a multidomain state. 49 Application of an electric field (poling) will reduce or completely remove domain walls thus achieving a monodomain state. Figure 7 demonstrates the results of local poling in thymine microcrystals. The topography of the scanned area ( Fig. 7(a) ) was checked both before and after poling, and no changes in topography were detected after the application of dc voltages up to 100 V. In the center of the scanned area, a dc bias of 100 V was applied between the tip and the substrate for 10 s. The piezoresponse contrast was measured in the PFM mode a few minutes after local poling. (Fig. 7(c) ). This instability points to the crystal disorder and/or large depolarization field due to incomplete screening (bulk screening) of polarization. 52 To evaluate the switching process of thymine microcrystals, piezoresponse hysteresis loops were acquired locally when the PFM tip was positioned at a selected location and voltage pulses of both polarities were sequentially applied between the tip and Pt bottom electrode (Fig. 8) . 27 The loops are characteristic of a local switching process, where the apparent contrast variation is due to the integrated piezoresponse of nascent domain and background (unswitched) polarization. 53, 54 The measurements were conducted in the so-called pulse mode. The loop acquisition consists of the application of dc voltage, V dc , for a short time (1 s) while the PFM signal is measured in between the pulses for 1 s with a time constant 300 ms. The voltage was swept by 1 V increments in the ranges À40 V < V < þ40 V, À 60 V < V < þ60 V and À100 V < V < þ100 V. Local poling resulted in a PFM signal consistent with the existence of poled area centered at the poling point. As a result, the observed hysteresis displays a typical ferroelectric-like character and the saturation of the piezoresponse was clearly observed (Fig. 8) . The loops reflect local polarization switching under a sufficiently high electric field but were purely dynamic as induced piezoresponse faded away after a few hours. These results are similar to those obtained in ferroelectric relaxors, where the bias-induced reversible ferroelectric-relaxor phase transition resulted in a similar response. 55 This again hints to the significant disorder of the crystals, especially between the layers.
MODELING AND THEORETICAL ANALYSIS
Theoretical analysis of the crystal structure of thymine based on XRD measurements was first performed by Ozeki et al. 37 In this work, the authors established a simple twolayer stacking model of individual molecules of thymine anhydrate crystal viewed perpendicular to the plane (001), as well as similar molecular stacking for thymine monohydrate (Figs. 9 and 10) . The average interplane spacing between adjacent coplanar layers for monohydrate crystal is 3.4 Å and the molecules are connected by hydrogen bonds and infinite chains, which are superimposed via a simple infinite space translation. The spacing for the anhydrate crystal is 3. with our XRD data). There are totally 4 molecules in the unit cell. Further, the hydrogen bonds distances were analyzed and found to be different for monohydrate and anhydrate crystals. In earlier publications (Refs. 37 and 38), the positions of all existing hydrogen atoms were not taken into account. Only 9 main atoms for each thymine molecule were considered in these calculations.
Here, we constructed a full molecular model of a thymine molecule consisting of additional 6 hydrogen atoms (15 atoms in total), forming a hydrogen bond network, and, based on it, a full unit cell comprising all 60 atoms. Then, using available experimental crystallographic data, we applied local density approximation (LDA) of density functional theory (DFT) with first-principle calculations on the base of AIMPRO code 32,56 to obtain optimized crystallographic structures containing all atomic positions. This is important because XRD measurements cannot determine H positions or C-H bond lengths. It is also essential that the chosen unit cell contains only 2 full thymine molecules and parts of 2 adjacent molecules (shown as rectangles in Fig. 9 ), which are continued in the adjacent unit cell following infinite translation.
These calculations allowed us to construct a viable twolayer model of a thymine crystal structure. In two-layer -) ) (c) of the first harmonic signal of the tip-cantilever deflection. The voltage was swept by 1 V increments in the ranges À40 V < V < þ40 V, À60 V < V < þ60 V and À100 V < V < þ100 V. model, each layer is the same as in one-layer model, but both have opposite directions of dipole moments (for each thymine molecule and for the entire layer) between the first and second layers. Planar images are shown in Fig. 9 and 3D images (with labelled unit cell) are reproduced in Fig. 10 . This model is in a full agreement with the earlier reported data. 33, 37 However, taking into account hydrogen atoms and their effect on the final structure, we could calculate the lengths of hydrogen bonds and dipole moments of the individual thymine molecules (D % 4.5 Debye, see Table I ) for the entire crystal structure. We could determine the polarization of thymine (as well as other physical parameters) in various volume partitions and directions. As a result, the dipole moments in two-layer model compensate each other and their sum equals zero (which is indeed centrosymmetric). Non-zero polarization must exist at small dimensions (presumably at the surface) where it is not compensated, being also switchable as it will be shown below. It should be noted that the PFM method is collecting piezoresponse from the surface of the crystal and thus the presented two-layer model can be still viable and used to roughly describe the experimental results obtained in this work. Recent theoretical calculations of flexural piezoelectric coupling can be also used to describe piezoelectricity in 2D materials with centrosymmetric structure. 57, 58 In order to estimate the polarization value, we constructed the minimal molecular cluster consisting of four thymine molecules in one layer, which describe the minimal symmetrically compensated molecular cluster unit within coplanar layers. Based on it, we then considered a two-layer molecular model of eight thymine molecules with oppositely oriented dipole moments. However, all essential features of polarization switching could be obtained based on one-layer model. For these calculations we used HyperChem 8.0 tools as described previously in a number of papers. 27, [34] [35] [36] 59 Using this approach, we developed a simple molecular model for thymine molecular unit based on the reported unit cell of the crystal (consisting of four thymine molecules lying in one plane, Fig. 11 ). In this model, we established that the main polarization direction lies along OY axis with spontaneous polarization P ¼ P y % 11.4 lC/cm 2 (see Fig. 11 (a) and Table II ). Further, we simulated the application of an external electric field along this axis (E yc % 0.0175 a.u. % 90 MV/cm) and found that P y can be decreased to zero under this electric field but the polarization cannot be switched. For the twolayer model with oppositely oriented dipoles along OY axis, the total dipole moment and, consequently, the polarization is fully compensated for stacking molecules in adjacent layers. The resulting total moment is zero and there is no polarization in this centrosymmetric structure. However, in both cases, it is possible to switch the direction of the polarization in the perpendicular direction, OX, thereby changing the sign of the piezoresponse (see Fig. 11(b) and Table II ). The simulation of polarization switching gives the difference between the two polarization states DP x % 8.27 lC/cm 2 (under electric field along OX DE x % 6 0.01 a.u. % 51.422 MV/cm). If lower field is applied (DE x % 6 0.001 a.u. % 5.1422 MV/cm) the switching polarization is much lower DP x $ 1.2 lC/cm 2 but still should be experimentally measurable. In the OZ direction, the polarization P z % 0 reflecting centrosymmetric structure, which forms a coplanar configuration in the XOY plane. [60] [61] [62] [63] The switching polarization, DP z , is much lower in this case (see Table II for details) and does not correspond to the experimental situation.
The analysis of the hydrogen bond network yields the following lengths of the hydrogen bonds in our system: 2.78… 2.82 Å for N -O atoms, 0.995… 1.0175 Å for N -H atoms, and 1.68…1.84 Å for C -H bonding. The bond length between C and O atoms is more stable, being in the range 1.225-1.228 Å . It is important that the calculated data are consistent with earlier reports 37, 38 but represent more accurate calculations. One of the salient features obtained in the model is that the neighboring individual thymine molecules in the same plane are inclined relative to each other at the angle of about [5] [6] , being very close to the results obtained in Ref. 37 . These results are in line with another model taking into account the interactions between two coplanar base pairs, 62 where a mandatory tilt angle was shown to exist between the two nucleobases in DNA structures. This additionally confirms the validity of our calculations.
Further, using molecular simulations based on the simple thymine model we could calculate the corresponding polarizability and dielectric constant of thymine e $ 4-5.6 and longitudinal piezoelectric coefficient d xx/yy $ 10.8 pC/N in the OX and OY directions for the applied electric field $ 5.14 MV/cm, respectively. The latter value is in a good agreement with the experimental data obtained by PFM and is comparable with those of other organic and biological molecular structures. [64] [65] [66] [67] As it is clear from the introduced model, the d zz coefficient has a very strong asymmetry for the field applied along OY axis, as shown in Table II .
The significance of thymine monohydrate phase present in our microcrystals is not clear at the moment and future work is underway to understand the role of water molecules and details of structural changes leading to an apparent loss of the inversion center in thymine microcrystals. Ferroelectric-like behavior could result from both bulk effects (as in relaxor ferroelectrics where disorder destroys the long-range ferroelectric orderg) or due to interfaces. 44 Ferroelectric-like behavior is a direct consequence of a large dipole moment of molecular thymine and adds a new functionality to this important biomaterial. Further studies of the observed electromechanical coupling and possible ferroelectricity in thymine and other nucleobases are indispensable to understand the role of hydrogen bonding in the observed polar behavior.
CONCLUSIONS
Experimental results and complementary computer modeling point to the presence of local piezoelectric and ferroelectric properties in thymine microcrystals grown from the solution The obtained values of polarization and piezoelectric coefficients are high enough (several times greater than in quartz!) and can be used in various micromechanical applications. These results provide a pathway for developing new organic piezoelectric materials based on DNA nucleobases and open up the potential of thymine for applications based on the observed piezoelectric and polar properties.
